The pyruvate dehydrogenase complex has been purified 76-fold, to a specific activity of0.6 umoles per minute per milligram protein, beginning with isolated pea (Pisum sativum L. var Little Marvel) chloroplasts. Purification was accomplished by rate zonal sedimentation, polyethyleneglycol precipitation, and ethyl-agarose affinity chromatography. Characterization of the substrates as pyruvate, NAD', and coenzyme-A and the products as NADH, C02, and acetyl-CoA, in a 1:1:1 stoichiometry unequivocally established that activity was the result of the pyruvate dehydrogenase complex. Immunochemical analysis demonstrated significant differences in structure and organization between the chloroplast pyruvate dehydrogenase complex and the more thoroughly characterized mitochondrial complex. Chloroplast complex has a higher magnesium requirement and a more alkaline pH optimum than mitochondrial complex, and these properties are consistent with light-mediated regulation in vivo. The chloroplast pyruvate dehydrogenase complex is not, however, regulated by ATP-dependent inactivation. The properties and subcellular localization of the chloroplast pyruvate dehydrogenase complex are consistent with its role of providing acetyl-CoA and NADH for fatty acid synthesis.
subcellular location of PDC, unique to plant cells, is within the plastids. Plastid PDC activity has been demonstrated in both green (6, 27) and nongreen ( 18) plant tissues.
Mitochondrial PDC catalyzes the entry of carbon into tricarboxylic acid cycle and related metabolism. Plastid PDC, on the other hand, provides acetyl-CoA for lipid biosynthesis. This role for plastid PDC has been well established in developing castor oil seeds, where large quantities of fatty acids are synthesized for storage (5) . Similarly, chloroplast PDC has been postulated to supply acetyl-CoA for de novo synthesis of fatty acids in green tissues (27) , a process demonstrated to occur exclusively in chloroplasts ( 14) .
It has been widely demonstrated that PDC catalyzes a nonequilibrium reaction. One form of regulation generally observed is at the level ofproduct inhibition (15, 20) . There is also evidence for regulation of mitochondrial PDC by interconversion between an inactive and active form via a reversible covalent modification (11, 15, 16) . Phosphorylation (inactivation) of pyruvate dehydrogenase is catalyzed by a tightly associated kinase and dephosphorylation (activation) by a more loosely associated phosphatase (10) .
The pivotal position of PDC in metabolism has resulted in a vast amount of research on the enzyme from nonplant tissues. By comparison, relatively little is known about plant PDC, and most information that is available concerns the mitochondrial form of the enzyme. The limited knowledge of plastid PDC prompted the current investigation with the purpose ofestablishing the chloroplast enzyme as a true PDC with properties distinct from the mitochondrial enzyme and consistent with its postulated role in chloroplast fatty acid biosynthesis. MATERIALS (16) and frozen at -20°C until used. Antibodies were prepared to apparently homogeneous complex as determined by analytical ultracentrifugation (19) . The antibodies were purified by (NH4)2SO4 fractionation and DEAE-Affigel-Blue according to the Bio-Rad technical bulletin. Antibodies to purified E. Coli PDC were similarly prepared. Chloroplast PDC was purified through the first ultracentrifugation step and the resulting pellet resuspended in 50 mm Hepes (pH 7.6) and 5 mm DTT. Pea mitochondrial PDC (prepared as described above) was resuspended using the same buffer. Equal activities of PDC from mitochondria, chloroplasts, and E. coli were incubated overnight on ice with varying concentrations of antibodies to either broccoli mitochondrial PDC or E. coli PDC. Aliquots ofenzyme were also incubated with preimmune serum. After incubation all samples were centrifuged at 12,000g for 4 min and the supernatants assayed for PDC activity.
Partially purified chloroplast and mitochondrial PDC were analyzed by SDS-PAGE using the discontinuous buffer system of Laemmli (9) Phosphorylation Experiments. Isolated chloroplasts were broken by resuspension in 0.02% Triton X-100, 50 mM Hepes (pH 7.6), and 5 mM DTT. After a 30-min incubation on ice, the reaction mixture was centrifuged for 10 min at 12,000g. Pea leaf mitochondrial PDC was prepared as described for immunochemistry. the chloroplast and mitochondrial complexes were incubated at room temperature for 10 min with 1 mM ATP and aliquots assayed for PDC activity (15, 16) . In some experiments, mitochondrial and chloroplast PDCs were mixed both in the presence and absence of ATP. Similarly, chloroplast complex was incubated with beef heart protein kinase catalytic subunit or phosphorylase kinase and ATP. RESULTS Chloroplast PDC Preparation. A typical purification scheme for chloroplast PDC from pea leaves is summarized in Table I . Enzyme from stromal extracts of broken chloroplasts was pelleted with 7% PEG-8000 resulting in a 10-to 15- Products of Plastid PDC. The products of the PDC reaction are NADH, C02, and acetyl-CoA. These products were measured as described in "Materials and Methods" with each experiment repeated three times with at least three replications per point. Simultaneous determination of decarboxylation and NAD+ reduction showed 0.1 1 ± 0.01 mol * min-' ml-' CO2 released and 0.09 ± 0.006 ,umol min-'-ml-' NADH formed. Similarly, in separate experiments, the formation of 0.053 ± 0.004 ,umol. min-' ml' acetyl-CoA and 0.055 ± 0.003 umol * min-' *ml' NADH was observed.
Immunochemical Analysis. Antibodies to PDC from mitochondria of broccoli floral buds were used for precipitation studies of pea mitochondrial and chloroplast enzyme complexes. Figure 2 shows the results of a representative experiment. At twice the concentration of antibody required to precipitate all of the mitochondrial PDC, only 40% of an equal activity of chloroplast enzyme had precipitated. Addition of preimmune serum had no effect. Activity lost from the supernatant could be measured quantitatively in the resuspended pellet; thus, loss ofactivity from the supernatant was a result ofprecipitation ofPDC enzyme and not caused by inactivation. Antibodies to the E. coli complex did not result in any precipitation of chloroplast enzyme even at concentrations four times that required to totally precipitate an equal activity of E. coli PDC (data not shown).
A more detailed immunological analysis was performed with Western blots of the pea chloroplast and mitochondrial complexes. The banding patterns observed for the two complexes are different but do have 98,000 and 58,000 Mr bands in common (Fig. 3) Mol Wt Estimation. Enzyme purified through the first ultracentrifugation was used for mol wt estimation by sedimentation on glycerol gradients (Fig. 4) . Application ofmore highly purified enzyme resulted in 85% or greater losses of activity. Sucrose gradients resulted in greater losses of activity than glycerol gradients. An accurate estimation of the complex mol wt cannot be made as enzyme activity appeared as a broad peak (fractions 18-24) over one-fourth of the gradient as opposed to the relatively sharp peaks obtained with E. coli or bovine mitochondrial PDC (Fig. 4) . Attempts to improve gradient resolution of the complex using detergent (Triton X-100), low or high ionic strengths (0-0.5 M NaCl), or inclusion of other reaction constituents (NAD+ and TPP) were unsuccessful.
Phosphorylation Experiments. prior to PEG addition in order to improve the fractionation, the chloroplast enzyme was unstable to warming for any extended period of time. Therefore, it was necessary to do the PEG fractionation, as well as all other purification steps, at 4°C. The large size of the complex allows sedimentation by ultracentrifugation and has previously resulted in significant purification of mitochondrial PDCs (10, 15, 18, 19) . The chloroplast enzyme could also be sedimented (Table I) ; however, purification was minimal (1.5-fold), possibly because of removal of the majority of the lower mol wt proteins by PEG fractionation and the fact that the large quantity of RuBPCase present in chloroplasts also partially co-sediments with the complex. The presence of RuBPCase in this fraction was demonstrated by rocket immuno-12 14 electrophoresis (data not shown).
Ethanol-Sepharose has been successfully used as an affinity matrix for the purification of PDC from E. coli and Bacillus (25, tPDC. Partially 26) , but in the present study a recovery ofonly 16% was obtained ,-25 equilibrated using this procedure. However, a similar matrix, ethyl-agarose, nercaptoethanol resulted in purifications with about 50% recoveries. Chloroplast Mnts with Mn2+, PDC could be adsorbed to and eluted from the ethyl-agarose;
Al spectrophot-however, again yields were low. If, on the other hand, the ethylagarose was equilibrated with 0.1 M NaCl the enzyme eluted from the colu'mn in greater yields. In the latter capacity, the tivity was lost. column appears to retard the elution of other proteins either by talytic subunit size or some partial interaction with the matrix allowing separaLnactivation of tion from PDC.
The second ultracentrifugation was primarily used as a means of concentrating the enzyme but also resulted in 2-fold purifications. Further attempts at purification using several affinity matrices, numerous variations of ion-exchange chromatography, purified using gel permeation chromatography, isoelectric precipitation, and void contami-other purification procedures resulted in almost complete losses vere improved of enzyme activity. upon thawing
The oxidative decarboxylation of pyruvate could be the result *ge membrane of other complexes such as the 2-ketoglutarate or the branched 0.2-mM NaCl chain ketoacid dehydrogenase complexes since they have some substrates in common. It has also been proposed that the PDC activity in spinach chloroplast was attributable to acetolactate synthetase activity (13) . To unequivocally establish PDC as the enzyme responsible for the observed activity, both substrate specificity and product analyses were performed. The pea chloroplast PDC showed an absolute requirement for pyruvate, NAD+, and CoA and no activity was obtained with 2-ketoglutarate, 2-ketoisovalerate, or 2-ketoisocaproate (Table II) . Thus, oxidative decarboxylation of pyruvate resulting from other keto acid dehydrogenase complexes is very unlikely. NADP+ was also examined as a substrate (Table II) because of the large pool in chloroplasts; however, only minor NADP+-dependent activity was observed.
FRACTION NUMBER FIG. 4.
Mol wt estimation by rate-zonal sedimentation on linear glycerol gradients. PDC from pea chloroplasts, E. coli and bovine heart were layered onto a 10 to 50% glycerol gradient as described in the text. The gradient was fractionated from the top in 0.5-ml fractions. Table III . A TP-Dependent Inactivation ofPea LeafPDCs Chloroplast and mitochondrial PDCs were incubated together or separately, in the presence or absence of 1 mM ATP for 10 min at room temperature prior to assay. Purified chloroplasts from peas were ruptured by resuspension in 0.02% Triton X-100, 50 mm Hepes (pH 7.6), and 5 mM DTT for 30 min at 4°C and then centrifuged at 12,000g for 10 min to remove particulate material. Acetone powder of pea leafmitochondria was resuspended in 25 mM Hepes (pH 7.6) and 5 mM DTT.
Relative Since the validity of chloroplast PDC has been questioned in the literature ( 13) , it was essential to demonstrate the predicted products of the PDC reaction were indeed resultant. The chloroplast complex was therefore assayed by three techniques, each one quantitating a different product. The PDC reaction equation predicts a 1:1:1 stoichiometry of C02:acetyl-CoA:NADH. Our results are in agreement with this prediction and verify the chloroplast complex as a true PDC.
Mitochondrial PDCs from plant sources (19, 20) require the addition of TPP for maximal activity, indicating the ready dissociation ofTPP from the enzyme complex. In plastids, however, a tighter association appears to exist. After extended dialysis, PDC was only stimulated 30% by exogenous TPP. Addition of TPP to the assay of pea chloroplast PDC from G-25 Sephadex treatment resulted in only a 2% increase in activity. Reid et al. (18) also observed only a minor stimulation of Ricinus endosperm plastid PDC with TPP. On the other hand, Rubin et al. (20) proposed possible regulation of mitochondrial PDC by TPP because of its very rapid dissociation. Regulation of this type seems improbable for the plastid complex.
Previously it has been possible to estimate the mol wt of PDC by rate-zonal sedimentation on linear glycerol gradients (18). Although we could successfully perform these experiments with E. coli and bovine PDCs, attempts to obtain a sharp peak with chloroplast PDC were unsuccessful (Fig. 1) . One possible reason for the broad profile of chloroplast complex activity could be the formation of aggregates of PDC; however, addition of Triton X-100 up to 0.2% or salt up to 0.5 M did nothing to sharpen the peak. Another possibility for the broad peak of activity could be the dissociation of one or more of the component enzymes. Dissociation of the dihydrolipoyl dehydrogenase component of PDC has been reported in mitochondrial PDC preparations (18) , but in the present study the activity of this component was coincident with total complex activity (data not shown). Association of PDC with other stromal enzymes is a third possible explanation, and such associations have been reported between mitochondrial PDC and certain matrix enzymes (24) . The size of the chloroplast complex does, however, appear to be comparable to reported values for other PDCs.
Although chloroplast and mitochondrial PDC have the same substrates, products, and cofactors, by immunological criteria there are structural differences between the two complexes. Pre Nongreen castor oil seed plastid PDC also has a high Mg2" requirement and a sharp alkaline pH optimum (18) . These characteristics may be typical of plastid PDCs in general. Considering both Mg2" and pH effects, significant regulation of chloroplast PDC could be achieved by changes occurring in darklight transitions. De novo fatty acid synthesis is reported to occur during illumination (14) . Increased PDC activity in the light would provide acetyl-CoA for this process at the time when it is required. Mitochondrial PDC is regulated by covalent modification (1 1, 15, 16); however, the chloroplast PDC does not appear to undergo typical ATP-dependent inactivation. The chloroplast complex was not inactivated in the presence of mitochondrial PDC kinase under conditions that did inactivate the mitochondrial complex, although this may be a steric problem if mitochondrial tion by covalent modification is also not observed with prokaryotic PDCs, but is achieved by other means such as product inhibition by NADH and acetyl-CoA, or by the GTP to GDP ratio (21) . Although inactivation of chloroplast PDC by phosphorylation has not been exhaustively examined, an ATP-dependent inactivation under conditions favoring photosynthesis (light) would be inconsistent with its function of providing acetylCoA for fatty acid and polyisoprenoid synthesis. Lipid biosynthesis is favored in the light at a time when ATP levels are known to increase (23) . It has also been demonstrated that mitochondrial PDC kinase activity is favored by high ATP (10, 15, 16) . However, ATP-favored PDC kinase activity would inactivate the chloroplast PDC at the required time for synthesis of acetyl-CoA. Thus, lack of phosphorylation of the chloroplast PDC is consistent with PDC's proposed role of providing acetyl-CoA for lipid synthesis. The plastid PDC of developing castor oil seeds also is not inactivated by ATP (18) . Further characterization of kinetic and regulatory properties of chloroplast PDC are under investigation and will be the topic of a subsequent report.
In plants, a requirement of both NADH and NADPH for maximal rates of lipid biosynthesis has been demonstrated (1). The NADH requirement has recently been shown to be the result of the specificity of chloroplast enoyl-ACP reductase for NADH (22) . Generation of NADH could be achieved by PDC activity. Although there are other chloroplast enzymes that could produce NADH, the extent to which they are active at the time of fatty acid synthesis is unknown. PDC activity would generate both acetyl-CoA and NADH in the required stoichiometry at the time needed within the plastid.
Plants are unique among eukaryotes in having two spatially separate and functionally distinct PDCs. In addition to pea chloroplast PDC, plastid PDC has been reported in chloroplasts of butter lettuce and nongreen plastids of castor oil seeds (13, 18) . Recently, the more widespread occurrence of specific plastid PDCs has been demonstrated for developing sunflower seed cotyledons, cauliflower florets, soybean nodule cytosol, and in green rye leaves (J. A. Miernyk, personal communication). It is logical that plastid PDC would provide acetyl-CoA for fatty acid synthesis within the organelle where the biosynthesis of fatty acids occurs. The specific activity of the PDC from lysed chloroplasts is low in comparison with the complex from plant mitochondria (0.02-0.05) (15, 18, 19) . However, it is sufficient to account for the rate of fatty acid biosynthesis.
An alternate source of acetyl CoA was suggested based upon studies with spinach leaves (13) . It was proposed that acetyl-CoA was formed first by mitochondrial PDC and then hydrolyzed to acetate via acetyl-CoA hydrolase. The acetate would then diffuse through the cytosol and into the chloroplast where it would be reesterified with CoA in an energy dependent reaction catalyzed by acetyl-CoA synthetase (13) . This proposal was based upon an apparent lack of chloroplast PDC in spinach as well as the presence of the other enzymes. The general presence of acetylCoA hydrolase has recently been questioned by Givan and Hodgson (7) who were unable to detect this activity in pea mitochondria. It is possible that spinach chloroplast is an exception in not having a plastid PDC but a more detailed analysis of both pathways in a variety of species will be necessary before any generalizations can be made.
In summary, we have isolated and partially purified chloroplast PDC from green pea shoots. It was verified that the observed activity was PDC through substrate requirements and appropriate product formation. Comparison of the chloroplast and mitochondrial enzyme from peas show a number of differences in properties including a higher pH optimum for chloroplast PDC as well as a higher optimal Mg2" requirement. Also, there is an apparent lack of ATP-dependent inactivation of the chloroplast complex. 
